A novel coronavirus as a culprit for severe acute respiratory syndrome (SARS)
Severe acute respiratory syndrome (SARS) is an atypical contagious respiratory illness primarily transmitted by respiratory droplets or close personal contact [1] . It emerged at the end of 2002 from Guangdong province in Southern China and rapidly spread to Canada and to Southeast Asian countries, including Singapore, Vietnam, Hong Kong, and Taiwan. The affected patients initially showed mild flu-like symptoms, such as cough, sore throat, and fever, and the incubation period for this disease was usually about 2-7 days. The symptoms progressed to acute respiratory distress syndrome (ARDS) in about 25% of the affected patients, which necessitated mechanical ventilation for survival. More than 50% of the patients who developed ARDS eventually died. The global SARS pandemic was brought under control in July of 2003 by undertaking public health measures, including isolation of patients. A total of 8096 patients were diagnosed with SARS, of which 774 died (total mortality rate, 9.6%). Another important clinical feature of SARS is that compared to elderly patients, young patients had a favorable prognosis (mortality rates for elderly patients: up to 50%) [2] . The total number of SARS patients and casualties worldwide are available on the official website of the World Health Organization (WHO): http://www.who.int/csr/sars/ country/en.
During the SARS outbreak, clinicians were unaware of which treatments were required to treat SARS patients, because they had no prior experience in dealing with this disease. After the SARS Severe acute respiratory syndrome (SARS) was the first pandemic in the 21st century to claim more than 700 lives worldwide. However, effective anti-SARS vaccines or medications are currently unavailable despite being desperately needed to adequately prepare for a possible SARS outbreak. SARS is caused by a novel coronavirus, and one of its components, a viral helicase, is emerging as a promising target for the development of chemical SARS inhibitors. In the following review, we describe the characterization, family classification, and kinetic movement mechanisms of the SARS coronavirus (SCV) helicase-nsP13. We also discuss the recent progress in the identification of novel chemical inhibitors of nsP13 in the context of our recent discovery of the strong inhibition of the SARS helicase by natural flavonoids, myricetin and scutellarein. These compounds will serve as important resources for the future development of anti-SARS medications.
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outbreak, the WHO immediately organized international collaborative efforts to conduct clinical, epidemiological, and laboratory investigations to control the spread of SARS. It was soon identified that the causative agent of SARS was a novel coronavirus, referred to as the SARS coronavirus (SCV) [3, 4] , and that the angiotensinconverting enzyme 2 (ACE2) was a putative receptor for SCV [5] . SCV has been isolated not only from humans but also from diverse animal species such as civet cats, raccoon dogs, swine, and bats. Therefore, SCV is transmissible between different species, and these animals can function as potential reservoirs of SCV for future outbreaks.
Coronaviruses are members of a family of enveloped viruses that replicate in the cytoplasm of the host animal cells. Coronaviruses are a diverse group of large, enveloped, positivestranded RNA viruses that cause respiratory and enteric diseases in humans and other animals. Analysis of the full sequence of SCV, which is about 29.7 kb in length, reveals that it is a large, singlestranded, positive-sense RNA virus (Fig. 1 ). The first 2/3 of the SCV genome consists of the viral replicase genes that encode 16 nonstructural proteins. Two large polyproteins (pp1ab [$790 kDa] and pp1a [$490 kDa]) are initially generated from the replicase region (orf1ab and orf1a) and subsequently cleaved into individual polypeptides by 2 virus-encoded proteinases, the papain-like (accessory) cysteine proteinase (also referred to as PL pro ) and 3Clike (main) proteinase (also referred to as 3CL pro or M pro ). Cleavage of pp1ab and pp1a by viral proteinases results in the generation of a total of 16 non-structural proteins (nsPs). It is interesting to note that the expression of pp1ab involves ribosomal frameshifting into the À1 frame just upstream of the pp1a translation termination codon [6] . Although it is still unclear which nsPs are essential or dispensable for replication of the SCV, the RNA-dependent RNA polymerase (nsP12) and the NTPase/helicase (nsP13) are certainly critical components for viral replication, and as such, they can serve as feasible targets for the development of SCV inhibitors. The remaining part of the SCV genome, comprising the last 1/3 part encodes 4 structural proteins, namely, spike (S), membrane (M), envelope (E), and nucleocapsid (N) together with 8 accessory proteins that possess no significant sequence homology to viral proteins or other coronaviruses. The functions of these accessory proteins in cells are still poorly characterized [7] .
Characterization of the SCV helicase protein
Helicases are molecular motor proteins that separate doublestranded (ds) nucleic acid (NA) using the free energy generated from nucleoside triphosphate (NTP) hydrolysis during translocation on single-stranded (ss) NA [8] [9] [10] (Fig. 2) . The presence of helicase was first recognized in Escherichia coli in 1976 [11] . Subsequent studies have revealed that helicases are ubiquitous proteins in both eukaryotes and prokaryotes that are required for a wide range of biological processes, such as genome replication [12] , recombination, displacement of proteins bound to NAs [13, 14] , and chromatin remodeling [15] . Defects in helicase activity are closely associated with a number of human diseases, including premature aging and cancers [16] [17] [18] . Helicases can be grouped into distinct classes, depending on (1) the polarity of their NA unwinding (5 0 -to-3 0 or 3 0 -to-5 0 ), (2) the types of NA substrate (DNA or RNA helicase), or (3) the basis of primary structure (superfamilies [SFs] and families) [10, [19] [20] [21] .
As mentioned earlier, SCV is a coronavirus family member and was ultimately identified as the virus responsible for SARS [3, 4] . The SCV is an irregularly shaped particle with an outer envelope bearing distinctive club-shaped peplomers. The diameter of an SCV is about 100 nm and the SCV helicase belongs to the SF1, based on a prediction of conserved amino acid sequences. Although a threedimensional structure of the SCV helicase is still unavailable, its tertiary structure has been predicted by computational modeling studies [22, 23] . The nsP13 SCV helicase consists of 601 amino acids and is a cleavage product of pp1ab [6, 24] . Analysis of amino acid sequence suggests that the SCV helicase has 2 separate domains: (1) a metal-binding domain (MBD) at the N-terminus and (2) a helicase domain (Hel) [22] . A detailed understanding of the biochemical mechanism mediated by SCV helicase became possible [25] [26] [27] [28] [29] after its purification [6, 30] .
Unwinding of double-stranded nucleic acids (dsNAs) mediated by SCV helicase
The majority of helicases clearly prefer only 1 type of NA (i.e., either RNA or DNA) as an unwinding substrate [31, 32] . Since SCV is a positive-strand ssRNA virus [3, 4] , the SCV helicase is regarded as from open reading frames (ORF1ab and ORF1a). These polyproteins are further cleaved into individual non-structural proteins (nsPs) by viral proteases (nsP3, also called PL pro and nsP5, also called 3CL pro or M pro ). As a result, 16 non-structural proteins (from nsP1 to nsP16) are produced. It is noted that the SCV helicase is the protein nsP13, a cleavage product of pp1ab with 2 3CL pro cleavage sites at both ends. The remaining 1/3 of the genome encodes 4 structural proteins, spike (S), envelope (E), membrane (M), and nucleocapsid (N), together with 8 accessory proteins. 3a and 3b are predicted to originate from the same subgenomic mRNA, and a similar analogy can be applied to other accessory proteins (7a and 7b; 8a and 8b; N and 9b). a RNA helicase. However, the SCV helicase and other nidovirus helicases such as the arteritis virus helicase can unwind both dsDNA and dsRNA [33] , a feature that is analogous to the hepatitis C virus (HCV) NS3 helicase belonging to the SF2 [34] . Because SF1 and SF2 helicases are closely related in terms of conserved amino acids sequence motifs as well as biochemical properties [9, 19, 20] , experimental strategy of the NS3 helicase is are very useful for elucidating the function of the SCV helicase. It is also advantageous to be able to measure dsDNA unwinding activity by SCV helicase in order to identify effective inhibitors of NA unwinding, because DNA is much easier to handle than RNA. In fact, Tanner et al. probed the unwinding activity of His-tagged SCV helicase by using radiolabeled fully dsDNA and partially dsDNA substrates with both 5 0 -and 3 0 -ssDNA overhangs [30] . Neither the fully dsDNA nor the partially dsDNA with a 3 0 -ssDNA overhang were unwound by SCV helicase. For SCV helicase-mediated unwinding of dsNA, a 5 0overhang ssNA was required to load the helicase, which means that the SCV helicase unwinds duplex NAs with a 5 0 -to 3 0 -directionality (polarity) [33, 30] . Similar results describing NA unwinding were also reported by Ivanov et al. by using a maltose binding protein (MBP)-tagged SCV helicase [33] . They showed that the MBP-tagged SCV helicase unwound only partial duplex RNA containing a 5 0 -ssRNA overhang, whereas partial duplex RNA containing a 3 0 -ssRNA overhang was not unwound. Unwinding experiments with partial duplex DNA also demonstrated that a 5 0 -ssDNA overhang is necessary for efficient separation by MBP-tagged SCV helicase, indicating a 5 0 -to 3 0 -polarity of dsNA unwinding. Detailed observations of NA unwinding by the SCV helicase were made using a variety of dsDNA substrates by Lee et al. [28] . They conducted unwinding experiments using dsDNA substrates that had different lengths of duplex and 5 0 -ssDNA overhangs under single-turnover reaction conditions. In the single-turnover experimental setup, an excess ssDNA trap was included in the reaction quenching solution instead of the initial reaction mixture, which prevents re-initiation of dsDNA unwinding by binding to free helicases that are unbound to a dsDNA substrate, as well as helicases that have dissociated from the DNA substrates during the unwinding reaction. The excess DNA trap also inhibits the displaced ssDNA generated during the helicase unwinding reaction from re-annealing to its counterpart ssDNA [35] . By adopting a single-turnover reaction condition, the kinetic time-course of dsDNA unwinding was measured, which provided the kinetic parameters for unwinding. To demonstrate the ssNA translocation or dsNA separation by helicases, a few kinetic parameters are required such as stepping rate, processivity, and step size. Of the kinetic parameters, the processivity of the SCV helicase was investigated with dsDNA substrates containing duplex regions of different lengths [28] . Processivity is defined as a measure of the number of base pairs unwound or the number of nucleotides translocated per enzyme-binding event before the helicase dissociates from the DNA [8, 19] . It is also calculated empirically, and is equal to the rate constant of DNA unwinding divided by the sum of the dissociation and unwinding rate constants [9, 35] . The all-or-none unwinding assay helps monitor the time-dependent strand displacement by the helicase, on the basis of which reaction amplitudes of dsDNA are measured, thus providing a measure of the processivity. The dsDNA unwinding by the SCV helicase showed that the amount of DNA unwound decreased as the length of the duplex region increased [28] . This is consistent with the results of other related helicases. In fact, many helicases have been characterized by the same all-or-none unwinding assay, which showed that the reaction amplitudes decreased as the duplex length increased due to the helicases falling off during the unwinding [35] [36] [37] . Although accurate measurements of the SCV helicase dsNA unwinding processivity are not available because of a lack of a kinetic step size under the experimental conditions, it is reported to be much lower than that associated with other related SF2 family members, such as the NPH-II and HCV NS3 helicases [34, 38] . Recently, a GST-tagged SCV helicase expressed in a baculovirus system showed a higher dsDNA unwinding activity than that of MBP-tagged and His-tagged helicases expressed in E. coli [39] . In addition, the catalytic efficiency of the GST-helicase was enhanced by a SCV polymerase (nsP12). However, it remains unclear precisely why the GST-helicase from the baculovirus system is more active than other tagged helicases expressed in E. coli.
The exact mechanism of strand separation by the SCV helicase remains unclear at present; however, the enzyme activities might be attributed to the monomeric form of the enzyme, like those of the majority of the other SF1 helicases. It has been reported that some SF1 and SF2 helicases can unwind NAs in their monomeric form, but their processivities are generally low [37, 40, 41] . It is also noted that the monomeric forms of some SF1 helicases are rapid and processive at translocating along ssNA, but not processive at dsNA unwinding [42] [43] [44] display enhanced helicase activity through self-assembly or interaction with other accessory proteins, such as polymerase or single-stranded binding proteins [42, [45] [46] [47] . In the case of the ring-shaped hexameric T7 bacteriophage helicase, pre-steady state kinetic analysis showed that the T7 helicase by itself shows a low processivity at dsDNA unwinding [35] . However, dsDNA unwinding helicase activity increased by almost 9-fold, which is similar to the speed at translocating along ssDNA in the presence of accessory proteins such as polymerase and thioredoxin [48] , indicating that the T7 helicase recovers its intrinsic moving speed. Pre-steady state kinetic analysis of helicases demonstrates that helicases intrinsically translocate unidirectionally along ssNAs at a much faster rate than that of dsNA unwinding, because overcoming the energetic barrier for dsNA separation is not necessary [43, 49] .
Considering that the SCV has a polymerase and other nonstructural proteins with unknown functions, it is reasonable that the full activity of dsNA unwinding by the SCV helicase may require accessory proteins.
In addition to dsDNA substrates containing different lengths of duplex regions, studies on dsDNA unwinding by the SCV helicase were also conducted using partial dsDNA substrates containing a 50-bp duplex region with different lengths of 5 0 -ssDNA overhang to investigate the dependence of unwinding on the length of the loading strand [28] . Time-dependent unwinding by the SCV helicase showed that the amount of unwound dsDNA increased as the length of 5 0 -ssDNA overhang increased. For example, an overhang length of 40 bases resulted in unwinding of more than 95% of the dsDNA substrate, while about 20% of the dsDNA substrate was unwound with a 20 bases 5 0 -overhang. In case of a 5 0 -overhang shorter than 20 bases, the amount of unwound dsDNA was not significant. These results suggest that NA binding and unwinding by the SCV helicase has the following functional properties: (1) multiple helicases can bind to a 5 0 -overhang as the length of the overhang increases, thereby exhibiting a higher processivity; (2) DNA unwinding increases because the binding affinity of helicase monomer or oligomer to 5 0 -overhang becomes tighter, and (3) functional SCV helicase translocation along ssNA and dsNA unwinding requires a 20-base-long ssNA loading strand, implying a minimal binding site size of the SCV helicase.
To further examine the dependence of exposed ssNA length on dsNA unwinding by the SCV helicase, a series of dsDNA substrates containing a different length of gap without a 5 0 -overhang was designed and dsDNA unwinding was measured. The designed gapped dsDNA substrates had blunt ends, and the only binding region for the SCV helicase was the exposed ssDNA gap. Measurements of the gapped dsDNA unwinding showed that a minimal length ssDNA gap was necessary for unwinding, and the amount of unwound dsDNA increased as the length of the gap increased. These findings indicate that the longer loading strand facilitates more binding of the helicase molecule and enhances dsDNA unwinding processivity. The gapped dsDNA unwinding was also measured in the presence of a 5 0 -ssDNA overhang. The timecourse of unwinding with elaborately designed gapped dsDNA with a 5 0 -overhang indicated that the SCV helicase recognizes the exposed ssDNA portion, both the 5 0 -ssDNA overhang and the gap, in a different manner. The 5 0 -ssDNA overhang turned out to be more important for binding and unwinding of the dsDNA substrates. It was also observed that a defined length of the gap in the blunt-ended dsDNA, which was able to unwind dsDNA up to a certain duplex length, was not sufficient to unwind longer duplex DNA. However, the presence of a 5 0 -ssDNA overhang enabled the SCV helicase to unwind the longer duplex DNA completely, even when the dsDNA substrate with an insufficient gap length for longer duplex DNA unwinding was used. The finding that a longer ssDNA at the 5 0 side is necessary to unwind a longer duplex DNA is consistent with the results obtained using dsDNA with different lengths of 5 0 -ssDNA overhang. Taken together, it is very likely that the SCV helicases pile up during the translocation and facilitate the unwinding by helping the preceding helicase molecule. Therefore, the SCV helicase can translocate along the ssNA and enhance the duplex unwinding unless the helicase falls off. This means that multiple monomers, which are bound to ssNA, unwind the duplex DNA substrate more efficiently, as shown in the proposed model (Fig. 3 ). The proposed model is reminiscent of the mechanism for the unwinding of the T4 Dda (SF1) and HCV NS3 (SF2) helicases [37, 50] . Similar to the SCV helicase, the Dda and NS3 helicases showed increased unwinding activities as the length of the ssoverhang increased in the presence of excess enzyme, supporting the idea for multiple helicase molecules during unwinding. Regarding the structural interactions between helicase monomers, current models suggest that protein-protein interactions are not required for enhanced processivity of monomeric helicases. Rather, the increase in the helicase activity is explained by functional cooperativity between helicase monomers [28] . The model presented in Fig. 3 shows how a non-processive helicase, such as the SCV helicase, acquires high processivity for NA unwinding. Although the model does not contain any other accessory proteins from either the host or the virus itself, the SCV helicase may also be aided by the accessory proteins expressed in infected cells. Future studies will be necessary to mimic the actual replication complex present in the SCV life cycle.
NTP hydrolysis activity of the SCV helicase
Helicases convert NTP to NDP and inorganic phosphate (P i ) during ssNA translocation and dsNA separation. During NTP binding and hydrolysis, helicase undergoes stepwise NTP ligation states, including NTP, NDP + P i , NDP, and empty [51] [52] [53] . Changes in the NTP ligation state lead to conformational changes in the helicase and subsequently cause changes in NA binding affinity. Therefore, translocation and unwinding are driven by NTP binding and hydrolysis. The NTP binding site of SF1/SF2 helicases is generally located at the interface between 2 separated core domains. As the NTP ligation state changes, by which the threedimensional conformation of the NTP binding pocket also alters, it eventually results in the movement of the domains [54] [55] [56] . This causes a change in the NA binding affinity, thereby bringing about a ''power stroke'' for translocation. A representative translocation mechanism of PcrA with respect to ATP binding and hydrolysis was proposed as a model system for SF1 helicases [20] , the family to which SCV helicase belongs.
A basic characterization of NTPase activity of the SCV helicase has been performed after purification of the protein from E. coli [30, 33] . Although most helicases (including the SCV helicase) make use of ATP as a preferred energy source, exceptions include the T7 helicase that prefers dTTP for DNA unwinding [57, 58] , and the T4 gp41 uses GTP as well as ATP for helicase activity. For nucleotides tested for use by the SCV helicase, all 8 common NTPs and dNTPs were hydrolyzed, although the SCV helicase showed better preference for ATP and dATP [30, 33] . Similarly, other helicases that are found in RNA viruses have been shown to have little selectivity for specific types of nucleotides as cofactors [59] [60] [61] , suggesting a general feature of RNA virus helicases. The fact that the SCV helicase can hydrolyze a variety of NTPs and dNTPs implies that the triphosphate moiety is the more basic factor for recognition by the helicase rather than sugar/base moieties. The lack of selectivity for specific nucleotides may enable the SCV helicase to bind to triphosphorylated 5 0 -ends of RNA and have RNA 5 0 -triphosphatase activity in viral 5 0 -capping like other related RNA viruses [62] [63] [64] . Although an exact crystal structure is not available as of yet, it is highly likely that the SCV helicase binds to nucleotides and RNA substrate through interactions to band gphosphate groups. In addition, the SCV helicase is dependent on divalent cations, specifically Mg 2+ , to hydrolyze nucleotide substrates [65] . It has been reported that NTPase activity of helicases is stimulated in the presence of divalent cations, so the ATPase activity stimulation of SCV helicase was investigated in the presence of 4 different divalent metal cations, Mg 2+ , Mn 2+ , Ca 2+ , and Zn 2+ [66] . To date, no helicase has exhibited significant ATPase activity without divalent cations. Of the cations tested, Mg 2+ showed optimal stimulation of ATPase activity, and stimulation by Mn 2+ was about 40% of Mg 2+ . However, both Ca 2+ and Zn 2+ showed less than 20% of the activity of Mg 2+ . Computer-based modeling analysis showed that the Lys288 residue in the SCV helicase motif I (Walker A) comes into contact with b-phosphate of the bound MgNTP and stabilizes its transition state during catalysis [23] . In addition to motif I, Asp374 of motif II (Walker B) coordinates the Mg 2+ of MgNTP, and Glu375 acts as a catalytic base in NTP hydrolysis. Interestingly, an energetically favored position of ATP in the NTPase catalytic pocket of SCV helicase closely resembles the crystal structure of PcrA, a very well-known helicase in the SF1, suggesting that the ATPase activity of the SCV helicase shows a similar pattern to that shown by the ATPase activity of other SF1 helicases [23] . In fact, Mg 2+ binding stabilizes the MgNTP complex in the binding pocket of PcrA, thereby hydrolyzing ATP [67] .
The presence of NAs also plays an important role in the NTPase activity of helicases. Most helicases, including the SCV helicase, exhibit little or no intrinsic ATPase activity in the absence of NAs. However, the NAs greatly stimulate NTP hydrolysis and the increase in NTPase activity ranges from 10-to 100-fold depending on the type of NAs [68] [69] [70] . The ATPase activity of the SCV helicase was also reported to be stimulated in the presence of homopolynucleotides, in particular poly(U) RNA [30, 66] . Steady state ATPase rates increased in a hyperbolic manner as the concentrations of poly(U) increased, providing a k cat of 68.0 s À1 and a K m of 11.7 nM [66] . However, the ATPase activity was not significantly increased by the addition of either poly(G) or poly(dG). Stimulation of ATPase activity was also investigated in the presence of DNA [66] . When M13 ssDNA, a 7250 base-long circular ssDNA, was added in the ATP hydrolysis reaction, the steady state ATPase rate increased to about 70-times of that observed in the absence of NA, and the k cat value was similar to that of poly(U). However, the presence of plasmid dsDNA did not stimulate the ATPase activity of the SCV helicase, providing a very similar ATPase rate to that observed in the absence of NA. The fact that the ATPase activity is stimulated by only ssNA, and not dsNA, indicates that the SCV helicase binds only ssNA. In fact, the SCV helicase does not unwind blunt-ended dsDNA substrate [30] as mentioned above. Generally, most helicases show enhanced NTPase activity in the presence of ssNA, leading to the interpretation that a conformational change in the protein occurs, thereby hydrolyzing the bound NTP [65] .
Development of chemical inhibitors of the SCV helicase, nsP13
At present, neither curative SARS remedies nor vaccines are available, and the number of research studies directed toward SARS treatment options in human is still small. Therefore, it is likely that serious global health issues will occur if this disease reemerges in the future. Due to a sudden emergence and explosive spread of SARS, a number of broad-spectrum antiviral medications were empirically administered to the SARS patients during the SARS outbreak in 2003. These medications include ribavirin, HIV protease inhibitors, corticosteroids, and alpha-interferon (IFN-a). In a retrospective review of treatment effects, however, it was demonstrated that none of them actually benefited the SARS patients, and some of them (for example, ribavirin and corticosteroids) may have actually harmed the patients [71] . Thus far, a number of anti-SARS agents have been identified and are reported as promising anti-SCV agents. However, the molecular mechanisms by which they suppress virus growth are largely unclear, and discrepant results have sometimes been reported [72] , claiming an urgency for target-based discovery of anti-SARS inhibitors. As mentioned earlier, we have proposed that the SCV helicase (nsP13) protein is a critical component, required for virus replication in host cells, and thus may serve as a feasible target for anti-SARS chemical therapies.
We have recently conducted in vitro biochemical experiments to find out which natural compounds might suppress either (1) the DNA unwinding activity or (2) the ATPase activity of the SCV helicase, nsP13 [73] . Due to proven pharmacological effects of many natural phytochemicals, originating from our dietary or medicinal plants in human, we have selected natural compounds as potential sources for anti-SCV inhibitors. First, we applied the principle of fluorescent resonance energy transfer (FRET) to find out the natural compounds that inhibit the DNA unwinding activity of nsP13. FRET describes an energy transfer mechanism in which the energy of a donor molecule is transferred to an acceptor molecule. More specifically, we mixed nsP13 protein with fluorescent-labeled dsDNA, each strand of which was labeled with different fluorescent dyes, i.e., fluorescein (FAM) and carboxytetramethylrhodamine (TAMRA) at the same terminus. Therefore, a constant FRET reaction between fluorescein and TAMRA occurred when the 2 DNA strands were base-paired; however, this interaction is lost as soon as the duplex is unwound by the nsP13 helicase (Fig. 4A ). Using this experimental approach, we observed that none of our natural chemicals (64 compounds in total) interfered with the DNA unwinding activity of the nsP13 protein. Next, we examined the possible effects of natural compounds on suppression of ATP hydrolysis by nsP13. The ATP hydrolysis activity of nsP13 was measured using M13 ssDNA as a template. M13 ssDNA is long circular DNA; therefore, the viral helicase nsP13 protein is expected to continuously translocate along the ssDNA, unless the helicase separates from the DNA. The degree of ATP hydrolysis was then examined by measuring the release of inorganic phosphate (P i ) by colorimetric analysis (Fig. 4B) . Interestingly, we observed that only 2 chemicals (myricetin and scutellarein) out of the 64 natural compounds strongly inhibited the ATPase activity of nsP13. IC 50 values of myricetin and scutellarein were determined to be 2.71 AE 0.19 mM and 0.86 AE 0.48 mM, respectively; however, they failed to affect the ATPase activity of the HCV NS3 helicase in an identical experimental setup, demonstrating a structural selectivity of these compounds against the ATPase function of SCV helicase [73] .
It is interesting to note that both myricetin and scutellarein are natural flavonoid compounds. Flavonoids are secondary plant metabolites and have been shown to exert significant beneficial effects such as anti-inflammatory, anti-neurodegenerative, antiviral, and anti-tumorigenic activities in vitro and in vivo [74] . How myricetin and scutellarein suppress ATPase activity but not the DNA unwinding activity of nsP13 is unclear. In addition, several types of specific chemical inhibitors of SCV have been identified by other groups. For example, bananins, which are adamantane derivatives in which vitamin B6 (pyridoxal) is directly conjugated, strongly inhibited the activity of SCV helicase in vitro and replication of SCV in cultured cells [29] . Exposure of bismuth compounds, which are clinically used as medications for treatment of a variety of gastrointestinal disorders [75] , also exerted strong inhibitory effects on the DNA unwinding activity as well as the ATPase activity of SCV helicase, resulting in a retarded growth of SCV-infected cells [76, 77] . Further, Lee et al. recently identified some aryl diketoacids (ADKs) as chemical inhibitors of SCV helicase. However, in contrast to myricetin and scutellarein, they appeared to inhibit the duplex DNA-unwinding activity but not the ATPase activity of SCV helicase [26] . They have expanded the study by showing that dihydroxychromone derivatives, which are structural analogs of ADKs, can function as chemical inhibitors of the DNA-unwinding activity, but not of the ATPase activity, of SCV helicase [27] . Together, these SCV helicase inhibitors can serve as good candidates for development of SARS medication(s) in the future.
Future perspectives
As mentioned above, we have recently identified myricetin and scutellarein as novel chemical inhibitors of SCV helicase. In addition, other investigators have found different types of chemical inhibitors of SCV helicases. However, identification of selective chemical inhibitors of SCV in vivo is a daunting task because there are still no appropriate mouse models to test the efficacy of potential anti-SARS inhibitors [78] . In addition, we are yet to determine the molecular mechanisms by which this virus infects, replicates, and evades host cells. Because (1) The degree of ATP hydrolysis is determined by measuring the complex formation of inorganic phosphate (P i ) with ammonium molybdate (AM) and malachite green (MG). Both myricetin and scutellarein were found to inhibit the ATPase activity of nsP13, although they did not suppress the ATPase activity of the human hepatitis C virus helicase (NS3h) in an identical experimental setup (data not shown).
in cells and because (2) SARS is associated with aberrant IFN production and the induction of INF-stimulated genes (ISGs), we propose that SARS is an innate-immunity-regulated disease [79] . This view is well supported by a recent study of SCV infection in primates. SCV infection of cynomolgus macaques resembled several pathological aspects of SARS patients, including an increase in body temperature and acute lung injury, and more interestingly, they exhibited a differential expression of genes that are closely related to inflammation and host immune responses [80] . It is well known that innate immune response signaling plays an important role in alerting host cells to the presence of invading viruses. Pattern recognition receptors (PRRs), such as RIG-I-like receptors (RLRs) and toll-like receptors (TLRs), recognize pathogen-associated molecular patterns (PAMPs) from invading viral components or pre-existing replication intermediates and elicit appropriate intracellular signaling cascades to protect the host against viruses. Therefore, a better understanding of how innate immune receptors (RLRs and TLRs) as well as intracellular host antiviral immune systems respond to SCV infection will provide us with additional molecular targets for the development of anti-SCV chemical inhibitors in the future.
